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Fig 1. Mean number of cells that stained positively for theFOS protein in
the area postrema (AP)! and nucleus of the solitary tract (NTS) following 48
hours of food deprivation. Hamsters were food deprived on days 1 and 2 of
the estrous cycle, and perfused on the morning of day 3 (page 70).
Fig. 2. Mean number of cells that stained positively for the FOS protein in
the APINTS following treatment with low doses of methyl palmoxirate (MP)
(20 mglkg) and 2-deoxy-D-glucose (2DG) (750 mglkg). Hamsters were given
a single injection of MP by gastric intubation 6 hours prior to perfusion, and
given a single systemic injection of 2DG 3 h prior to perfusion (page 71).
Fig. 3. Percentage of hamsters showing measures of estrous cyclicity
(lordosis and post-ovulatory vaginal discharge) within 5 days of the start of
treatment with 2DG. Hamsters received either total or partial lesions of the
PVN, or sham surgeries. All hamsters showed two consecutive 4-day
estrous cycles prior to 2DG treatment (left). Hamsters were treated with
---~---- -- - ---- -- --" --- ~ --_._~---- - -- - --
--2DG (200 mglkg) every six hours on days 1 and 2 ofthe-estrous cyCle.
Estrous cycles were inhibited in hamsters with PVN lesions and sham-
operated animals (page 72).
Fig. 4..Mean cycle length in days following treatment with 2DG in
hamsters with lesions of the PVN, or sham surgeries. All hamsters
vi
showed two consecutive 4-day estrous cycles prior to 2DQ (left). The mean
cycle length between sham and lesioned animals following treatment with·
2DG did not differ significantly (page 73).
Fig. 5. Schematic reconstructions of representative lesions from groups of
hamsters with 'Total PVN lesions' (left) were matched to 'Sham'-operated
controls (right). Representations are presented rostral to caudal (top to
bottom). Lesions extended from the medial preoptic area to the zona
incerta. The largest lesion (hatched marks) and smallest lesion (blackened
area) for the 'Total lesion' group is represented (page 74).
Fig. 6. Mean body weight of each hamster pre-surgery and 20 days
following lesions of the PVN (page 75).
Figure 7. Mean food intake for each hamster for 20 days following lesions of
the PVN (page 76).
,ABSTRACT
Reproduction in female Syrian hamsters is controlled in part by the
availability of oxidizable glucose. For example, estrous cycles are inhibited
by high doses (1750 mg/kg) of2-deoxy -D-glucose (2DG), a drug that blocks
cellular glucose utilization (glucoprivation). Furthermore, the glucoprivic
control of estrous cycles may be mediated by glucose detectors in the caudal
brain stem, specifically the area postrema (AP) and the adjacent nucleus of
the solitary tract (NTS). Lesions of the APINTS block 2DG-induced
anestrus, and 2DG at high doses (1750 mg/kg) increases neural stimulation
in the APINTS, as measured by FOS-like immunoreactivity
If the APINTS is critical for the metabolic control of reproduction,
then treatments that block estrus should stimulate cells in this brain site.
Thus, one experiment assessed neural activity in response to food
deprivation, or concurrent treatment with low doses of 2DG and methyl
palmoxirate (MP), a drug that inhibits fatty acid oxidation. Neural
stimulation was assessed using FOS immunocytochemistry. Cells stained
positively for the FOS protein were observed in the APINTS only in
hamsters given treatments that block estrous cycles (food deprived or
MP+2DG). No increase in FOS staining was observed in vehicle treated, or
ad-libitum-fed hamsters.
The importance of the paraventricular nucleus (PVN) of the
".~ .....
. J
hypothalamus (a projection area of the APIN3S) in the glucoprivic control
of reproduction was also assessed. The PVN was investigated because it is
innervated by neurons residing in the APINTS, and may be involved in the
metabolic control of GnRH secretion. In hamsters, 2DG (1750 mg/kg)
increases FOS-staining in the PVN. Bilateral, radiofrequency lesions were
directed at the PVN. Hamsters with complete lesions of the PVN showed
no defi~it in 2DG-induced anestrus, suggesting that this structure is not
required for the glucoprivic control of estrus cycles in Syrian hamsters.
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I.INTRODUCTION· ..,1 . ---'"---;. '--f ...J-" ~
There is an intimate link between energy availability an~ility. In
...
fact, it has been stated that "Energy availability is the most important
environmental factor influencing mammalian reproduction" (Bronson,
1989). Bronson (1991) has further stated that one of the most fundamental
challenges facing a female mammal is to maintain a positive energy
balance and still produce offspring. While ovulation itself is not
energetically costly, it does put the female at risk for two of the most
energetically costly processes a female mammal can undertake: pregnancy
and lactation. Thus, it makes sense that some adaptive mechanism would
evolve to suppress ovulation when energy supply is low. Indeed, female
mammals of virtually every species studied, as diverse as the rhesus
monkeys (Cameron, 1989), laboratory rodents (Bronson and Manning,
1989), and women (Warren, 1992), experience prolonged or inhibited
ovulatory cycles when faced with energetic challenges. Energetic
Challenges can refer to either decreased energy intake (eg. fasting, food
restriction or famine) or increased energy expenditure (eg. exercise,
- foraging,thermogenisls) (see-Schneider-& Wade, 1992,-for-review). -Thus
any situation that causes a decrease in available energy, either hy
increasing energy expenditure, or decreasing energy intake will cause a
disturbance in reproduction, unless this is compensated for by increased
calorie intake, or mobilizing excess energy from storage. The link between
energy and fertility is common knowledge due to the incidence of infertility
experienced by women who exercise excessively, or often restrict their food
intake, such as distance runners, professional athletes, ballet dancers and
in women with eating disorders such as anorexia nervosa (see Schneider &
Wade, 1992 for review). Research in domestic and laboratory animals
suggests that energy availability does have a profound effect on fertility. For
example, the initiation of ovulation and puberty is delayed in lambs
maintained on a diet restricted 20% of that required for normal growth and
maturation (Foster et al., 1989). Gonadotropin secretion, which is required
for ovulatory cycles, resumes almost immediately after the initiation of
normal feeding in lambs. Similarly, in mice, puberty is .delayed, and
estrous cycles are inhibited in adults, when females are forced to run a
predetermined number of wheel revolutions to obtain the same food ration
as sedentary mice (Perrigo & Bronson, 1983; Perrigo & Bronson, 1985).
These effects are more profound when these mice are forced'to expend more
energy en thermogenisis, induced by exposure to cold temperatures. In
rhesus monkeys, menstrual cycles are inhibited by food deprivation or by
increased exercise (Cameron et al., 1990). Exercise-induced amennorhea is
reversed when monkeys are allowed to compensate by increasing food
intake. Eurthel'more,-sexual-maturation-is-inhibited-in-ratsforcE:m-to·· -
exercise (Manning & Bronson, 1991). Forced swimming or wheel running
causes disturbances in estrous cyclicity in adult rats (Carlberg & Fregly,
1985). In Syrian hamsters, food deprivation blocks ovulation, follicle
development, and the surge of gonadotropins that is required for ovulation
to occur (Morin, 1975; Morin, 1986). The examples presented here are just a
small representation of the abundant research regarding decreased energy
4
awffia~and reproduction ~see Br~ns?n,..198~ ~?~ an extensive I'~view).
The stri~ aspect of this phenome~onis ~s unive~ty across species. ~~l
In the examples cited above, energy availability refers only to the total
calories consumed minus calories expended, rather than anyone specific
macronutrient (i.e. carbohydrates, fats or protein). More recently, there has
been an abundance of literature that supports the idea that reproductive
cycles may be most sensitive to minute-to-minute changes in the availability
of specific metabolic fuels. Ovulatory cycles are directly responsive to
changes in oxidizable metabolic fuels in Syrian hamsters, sheep and
monkeys (for review, see Schneider & Wade, 1992). For example,in
nutritionally-delayed prepubertal lambs, gonadotropin secretion is
reinstated following infusions of glucose, amino acids, or both (Bucholtz et
al., 1988). In addition, in female rhesus monkeys, 24 h of food restriction
inhibits gonadotropin secretion, and gonadotropin secretion is restored
immediately upon refeeding. In these same monkeys, the concentration of
gonadotropins is linearly related to the size of the meal. Furthermore,·
decreased glucose availability, induced by intravenous insulin injection
--_.~. ------------------------ .-- --- - - .-----"'. ----------
immediately suppresses gonadotropin- secretionin sheep and-rnnibits-
ovulatory cycles in cattle (Clarke et al., 1990; Mclure et al., 1978), and the
effects of insulin are reversed by infusions of glucose. Finally food deprived
hamsters which would normally become anestrous, continue to cycle when
allowed to consume a 30% glucose solution or fat (pure vegetable
shortening) (Schneider & Wade, 1990). The experiments contained within
. 5
.;
this thesis were designed to fill gaps in OJlIT knowledge about some of the
.~.~ ~
brain areas that may pl~y a role in th~ metabolic control ~f repr~ction.
. The general goals for the experiments in this thesis were to \
investigate whether certain brain areas show increased neuronal activity
in response to metabolic challenges, and to identify those brain areas that
playa critical role in coordinating energy and fertility. AB background for
these e~periments, the rational behind choosing the Syrian hamster for
this· research will be discussed first. The endocrinology of the Syrian
hamster estrous cycle is also explained, since it is critical to
understanding how energetic stress suppresses cyclicity. In addition, the
idea that estrous cycles are controlled by oxidizable metabolic fuels is
presented. There is strong evidence to suggest that estrous cyclicity in
Syrian hamsters is controlled most proximally by fluctuations in glucose
oxidation. A review of the relevant literature is provided which focuses on
brain sites that may be critical for the effects of glucose availability on
estrous cycles. In particular, previous research in our laboratory and work
in rats strongly indicates that the area postrema (AP) and the
paraventricular -nucleus-of-thehypothalamus-~P¥N)-paI'ticipateinthe
sensory system that coordinates glucose availability and cyclicity.
Following a discussion of the appropriate background literature for the
experiments completed for this thesis, a detailed account of all the
techniques, procedures, as well as the theory behind them is discussed: the
General Methods section includes the theoretical basis for the techniques
used for each experiment, and a general description of the laboratory
6
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techniques used to carry out these experiments. This is followed by a,
Procedures section, which gives a chronological account a{ those
procedures described in the General Methods section. Finally, t\}~ results
of each experiment will'be presented, followed by a discussion of the
possible interpretations of these results.
Energy And Fertility In Syrian Hamsters
Syrian hamsters offer an excellent model to study the metabolic
control of reproduction due to their invariant 4-day estrous cycles that can
be assessed using relatively non-invasive techniques. With the consistency
of the hamster estrous cycle, a researcher can achieve much greater
accuracy in predicting ovulation compared to other rodents such as rats,
which have estrous cycles that vary from 3 -to 5 days. In other rodents that
have short estrous cycles, such as mice and rats, the stage of follicular
development, and ovulation are measured by examining the cellular and
mucous material being sloughed in the vagina. The day of the cycle is
determined by examining cell types from vaginal aspirates under a
mIcroscope. In hamsters, a copious discharge of cellular and mucous
material from the vagina prevents an accurate identification of cell type to
determine the day of the cycle in this manner. However, there is a
post-ovulatory discharge that occurs on the day of ovulation. The discharge
is easily recognizable by its copious nature, strong, acrid odor, and tacky
consistency which occurs on day 1, after ovulation has occurred. Since the
hamster estrous cycle is invariant in length at 4 days, it has become a
I
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convention of ham"ster reproductive research to label the events of the
.':';;"; .'- '~".' '.. "~. . "',""."<.,~"~",,,,,.,.-. ''' ...
estrous cycle in-·relation to post-ovulatory discharge that occurs o~ay 1 of
the cycle (Orsini, 1961), r&ther than the standard designation for each day~ .
of the rodent cycle (i.e. diestrous 1, diestrous 2, proestrous and estrous)
used for rats and mice. The post-ovulatory discharge usually appears
spontaneously or can be extracted by palpating the vagina.
In general, during the estrous cycle, the release of gonadotropins
(luteinizing hormone (LH) and follicle stimulating hormone (FSH) is
mediated by the feedback effects of ovarian steroids on the brain and
pituitary. Every fourth day, a surge of gonadotropins stimulates the follicle
to rupture and ovulate 3 to 4 hr subsequent to the surge. In the early stages
of follicular development, estradiol from the ovaries has negative feedback
effects on the hypothalamus and the pituitary. Estradiol suppresses
pulsatile gonadotropin-releasing hormone (GnRH) and LH secretion at
levels below those required for ovulation. As the follicles develop, they
secrete increasing amounts of estradiol. As estradiol levels peak, the
feedback effects of estradiol on LH and GnRH switch from negative to
positive. In response to the positive-feedback effects of estradiol, there is a
surge of GnRH, LH and subsequent ovulation. On days 1 and 2 of the
estrous cycle, low levels of estradiol from the ovary have a negative feedback
effect on LH and FSH. However, beginning with day 1 of the estrous cycle,
there is an elevation in FSH secretion from the pituitary to approximately 12
times the baseline level. The increase in FSH that occurs on day 1 is
-:"::>"~7"";";~'~':='':-:essential·Jo:rothed~~~!~pjngJ()ll!~I~~dsubsequent steroid production by the
·_-~'~C"-.:..~~__. '.-:"':="'-':--'.:~:'_-":':::=":'==--=::';;:_':':"::'_: .__ _" __._. .
- ---'~. ~- --~._-.--=':':"""'-.- ...._ .....__......:-.•~..
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ovaries.· This moderate elevation in FSH levels falls off and plateaus across
-Day 2, and reaches baseliWl"'ievels by midmorning of day 3. Baseline levels
,.,
of FSH continue until about noon of day 4. Luteinizing hormone stays at a
constant baseline level across the entire cycle except for shortly after noon
on day 4, when a 5 times increase or surge of LH is found. Similarly, levels
ofFSH show a' 20 times increase from baseline on noon on day 4. Thus, a
synchronous peak of gonadotropins occurs early on day 4, and the surge of
"
both gonadotropins is required for ovulation that occurs approximately 4 hr
subsequent to the surge (see Siegel, 195'5, for review).
Estrogen levels in ovarian blood correlate with follicular development
throughout the cycle. Estrogen levels are lowest when antral follicles are
, absent on days 1 and early on day 2 of the estrous cycle. At this time, low
levels of estradiol have a negative-feedback effect and suppress levels of
gonadotropins. As the follicles develop beginning on day 2, estrogen levels
rise and plateau over day 3 and early on day 4. By noon of day 4, estrogen
levels peak, and the feedback effects of estrogen on LH and FSH switch from
n~gative to positive. The surge of estrogen, on day 4, induces estrous
behavior, which occurs on the evening of day 4. Progesterone is also
important for estrous behavior in hamsters. In fact, while estradiol alone
is sufficient to induce sexual receptivity in oVX hamsters, progesterone
given in combination with estradiol is a more potent stimulator of lordosis
than estradiol alone, and sexual receptivity can be induced independent of
ovulation early in the cycle by injections of progesterone (Reuter et al., 1970).
The coordination of the LH and FSH surge that is preceded by an increase
----_.- =.. ::.... :-.=.~ -,,~-
in estradiol at noon on day 4 ensures that estrous behavior will occur
'0""''';.;0:0''''''> "~.."".",,,.... .,
simultaneo~slywith ovulation and increase the likelihood of conception.
\".
Progesterone is close to peak values on the start of day 1 of the estrous cycle
and falls to baseline levels by noon of the same day. There is a gradual
increase on the evening of day 1, and levels plateau throughout day 2.
Baseline levels of progesterone are reached and maintained on day 3 until
noon on day 4, at which time there is a surge of progesterone that occurs
just after the surge of estrogen on the sarn.e day.
Finally, gonadotropin release from the pituitary is dependent on
gonadotropin-releasing hormone (GnRH) release from the hypothalamus.
It was found that the largest response of the gonadotrophs to GnRH occurs
on day 4, with the smallest response on day 1 and 2, and an intermediate
response on day 3 (see Siegel, 1985, for review). These results suggest that
changes in serum levels of gonadotropins throughout the estrous cycle are
the result of changes in sensitivity of the pituitary to GnRH, rather than, or
in addition to, the amount of GnRH reaching the pituitary.
Food deprivation could interfere with reproduction at any loci of the
reproductive axis (hypothalamus, pituitary or follicle), however, Morin
(1986) designed a series of experiments that suggest that food deprivation
acts specifically at the level of GnRH or LH secretion to inhibit ovulatory
cycles. Hamsters were food deprived for 2 consecutive days during estrous
cycle, and fed ad-libitum for the other days. Four. groups of hamsters were
food deprived on estrous cycle days 4 and 1, 1 and 2,2 and 3 or 3 and 4.
Forty-eight hours of food deprivation was most effective on days 1 and 2 of
"
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the estrous cycle. Anestrus occurred.,in 80% of hamsters. Food deprivation
on any other days of the cycle had little effect on .ovulation, only 20% of
hamsters showed anestrus. These data suggest that reproductive cycles are
most sensitive to the effects of food deprivation 48 h before the LI1 surge,
when the follicles are still maturing, and LH levels are pulsatile. In an
additional experiment, food deprivation during days 1 and 2 also resulted in
significantly smaller ovarian .follicle size when compared to animals fed
ad-libitum. Furthermore, hamsters food deprived on days 1 and 2 failed to
show lordosis behavior when placed with a vigorous male unless estradiol
benzoate was administered. Progesterone, or vehicle-treated animals failed
to exhibit lordosis following food deprivation on days 1 and 2. These
experiments provide strong evidence for the fact that poorly developed
follicles were secreting insufficient estradiol to facilitate lordosis.
Moreover, exogenous LH given 6 h prior to lights out on day 4 failed to
induce ovulation in hamsters food deprived on days 1 and 2 of the same
cycle, further suggesting that these follicles were not mature enough to
ovulate (Morin, 1986). Hormonal assays in the same series of experiments
revealed that LH levels were low during the time of the LH surge, and that
estradiol levels were significantly reduced immediately prior to the LH
surge in food deprived animals relative to ad-libitum-fed controls.
Together, these data indicate that food deprivation early in the cycle
"prevents follicle maturation by inhibiting pulsatile LH release. In the
absence of mature follicles, there would be insufficient estradiol secretion to
stimulate estrous behavior and the preovulatory LH surge.
More recent experiments (Berriman, Wade & Blaustein, 1992) have
-.,
provi~videncethat food deprivation inhibits fertility by reducing the .
. . --- ,
secretion of GnRH by GnRH·producing neurons in the forebrain. GnRH
neurons were detected in Syrian hamsters in the diagonal band of Broca
(DBB), medial septum (MS), medial preoptic area (mPOA) and the caudal
-
POA. The first set of experiments in this study were designed to establish
which population of GnRH neurons are active during the pulsatile phase of
GnRH secretion (days 1-3), and which neurons are stimulated exclusively
during the GnRH surge (day 4). In a second set of experiments, the effects
of food deprivation on GnRH-neuronaJ activity was assessed. GnRH
neuronal activity was assessed by measuring the expression of FOS-like
(FOS-li) proteins within GnRH neurons (Berriman, Wade & Blaustein,
1992). FOS expression is correlated with neuronal stimulation, and has
been used to measure the activity of different populations of neurons under
a variety of physiological conditions (see general methods for discussion).
GnRH neurons within the caudal POA were stimulated (as measured by
FOS-li) across the entire cycle, including days 1-3, when LH secretion is
pulsatile. In .contrast, more rostral GnRH neurons (DBB and MS/mPOl\)
only expressed FOS-li on day 4 of the cycle, just after the preovulatory surge.
In experiment 2 of this study, it was found that food deprivation on days 1
and 2 of the cycle significantly decreased the number of GnRH
immpnoreactive neurons that expressed FOS-li in both populations of
GnRH neurons, when compared to ad libitum-fed controls. Specifically,
. "
there was a 90% reduction in the number of neurons that ~xpress FOS-IR
..
. in the caudal POA, suggesting that food deprivation blocks ovulatory .c¥cles
..
..J~f··';'···''''-''·-' -,
by decreasing GnRH neuronal activity with!n neurons assoc~~E:ftlwith the
pulsatile mode of GnRH secretion (Berri~an,Wade & Blaustein, 1992).
Together, these experiments are consistent with the idea that food
deprivation prevents pulsatile LH release by d~creasing the activity-of
GnRH neurons.
II. THE METABOLIC SIGNALS
The General Availability ofMetabolic Fuels
In addition to food deprivation, reproductive cycles are attenuated in
Syrian hamsters by pharmacological agents that block the availability of
specific metabolic fuels. Investigators in the laboratories of Jill Schneider
and George Wade have used two such selective antimetabolic drugs,
2-deoxy-D-glucose (2DG) and methyl palmoxirate (MP) to examine the
specific nature of the metabolic signal that may be involved in the energetic
control of reproduction. 2DG is a glucose analog that blocks glucose
utilization at the phosphohexose isomerase step of glycolysis. MP
specifically blocks fatty acid oxidation by inhibiting transport of fatty acids
into mitochondria. These pharmacological agents have been useful in
localizing the specific metabolic signal that mediates the effects of limited
fuel availability on reproduction as well as food intake. Inhibited fatty acid
availability is referred to as lipoprivation, and decreased glucose utilization
is termed glucoprivation, although the effects of these agents may be
13
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mediated by subs~.mJ~J.1tJl:letabolic.eventsthat are.notnecessarily specific to . .
....... ,,, .. c, ...,•• • . .. <-
either fatty acid or glucose metabolism (i.e. ATP producti6n).
A series ;f experiments has used these 'pharmacological agents to
examine the nature of the metabolic cue that regulates estrous cycles in
Syrian hamsters. Treatment with the metabolic inhibitor, 2DG, did not
inhibit estrous cycles when administered systemically at 750 mg/kg,
Similarly, treatment with MP alone (25 mg/kg) did not affect estrous cycles
in hamsters fed ad-libitum. However, when both drugs were administered
simultaneously at the same doses, estrous cycles were inhibited in 83% of
female hamstel"s-(Schneider & Wade, 1989). This latter finding suggests
that estrous cycles are controlled by the general availability of metabolic
fuels, rather than one critical substrate.
To test the hypothesis that estrous cycles are controlled by the general
availability of metabolic fuels, a rang:e of doses of 2DG (higher than those
used previously) were administered. Treatment with high doses of 2DG
alone «1750 mg/kg) were sufficient to inhibit estrous cycles in hamsters fed
ad libitum. Conversely, a dose of MP that inhibited estrous cycles without
causing severe hypothermia was not found (Schneider et aI., 1993). Thus,
although estrous cycles are responsive to the general availability of
metabolic fuels, they may be controlled most proximally by the availability of
glucose.
There is also evidence to suggest that changes in glucose availability
affect reproduction at the level of GnRH secretion, since doses of 2DG that
inhibit estrous cycles also suppresses. GnRH neuronal activity, as
weasuredbyFOS like immunoreactivity (Berriman;Wade & "Blaustein,
.1992), ..
1':"'<'
.~ ., . ')
.. Glucose is the Most ProXimal Signal for Estntus Cycles
.. Another series of ~eriments further explored the possibility that
estrous cycles are most sensitive to glucose availability. Previous results
showed that fat hamsters are protected from fasting-induced anestrus,
unless treated with MP (20 mg/kg) (see Schneider & Wade, 1992, for review).
However, in a more recent experiment, estrous cycles were blocked in fat,
food deprived hamsters treated with 2DG (750 mg/kg) (Schneider,
Friedenson, Hall & Wade, 1993). Thus, when glucose utilization is blocked,
fatty acids mobilized from adipose tissue are not sufficient to maintain
estrous cycles. It is possible, that during fasting, fatty acids are utilized by
peripheral tissues, while glucose is spared for central neural mechanisms
including those that regulate estrous cycles. These results are, compatible
with the notion that estrous cycles are controlled most proximally by the
availability of glucose.
Evidence from other species supports the idea that glucose
availability controls reproductive activity through modulation of LH
secretion. For example, in rats, LH pulse frequency was inhibited by
- peripheral injections of 2DG (Nagatani et al., 1996). Furthermore, 2DG
administration suppresses LH pulse frequency in pedpubertallambs. In
addition, infusion of glucose facilitates pulsatile LH in the nutritionally
P11berty-delayed lamb (Bucholtz et al., 1988). It has also been shown that
.\
/'
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glucose infusion reinstates LHpulse· frequency in hypoglycemic; insulin..;
treated lambs (Clar'ke, Horton &.Doughton, 1990).
.... I I
Finally, it appears that fatty acids are not a critical cue for the
metabolic control of LH secretion. Specifically, when lambs are fasted and
puberty is delayed, LH is suppressed and there is a simultaneous increase
in free fatty acids due to the increased oxidation of fats from adipose tissue.
Thus, it was predicted that free fatty acids may be one of the signals that
-'
suppresses LH during fasting in the growth retarded lamb. However,
administration of exogenous lipids had no effect on LH pulses in the ewe
lamb (Estienne et al., 1990).
These results are all consistent with the idea that reproduction is
~
controlled most proximally by the availability of glucose. And in Syrian
hamsters, estrous cycles are blocked by a decrease in glucose availability
induced by 2DG.
ill LOCATIONOF DETECTORS OF METABOUC FUELS
Peripheral vs. Central Cues fUr Glucose Availability
It has been postulated that glucose availability is detected in the
central nervous system rather than in the periphery. In Syrian hamsters,
microinjections of 2DG into the lateral ventricle inhibits estrous cycles at
low doset? (250 mglkg), but not at the same doses administered systemically
(Goldman,. Leo, Rosen, Zhu & Schneider, 1997). In addition, estrous cycles
are still inhibited by a high dose of 2DG when information from the_
..- ··peripl1erYTs'1:>lbcifga--bY~fdtaJ.~-sub'Cliapnragm:atic"vagotomy;,{Gold1n:anTLtro;:~~;c '·7 ,., .,,~._~..
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Rosen, Zhu & S~hneider, 1997). These results are all consistent with the
idea that petipheral information is not required for the glucoprivic effects
on estrous cycles.
The idea that glucoprivation is detected centrally is supported by
research in the metabolic control of feeding in rats. For example, total
, subdiaphragmatic vagotomy by surgical transection of the two vagal trunks
abolishes lipoprivic feeding in response to mercaptoacetate (another_
inhibitor of ~atty-acid oxidation), however, the same animals continue to eat
in response to 2DG. Similarly, destruction of small unmyelinated sensory
neurons of the vagus by capscaisin treatment abolishes lipoprivic, but not
glucoprivic feeding induced by 2DG (Ritter & Taylor, 1990). Finally, total
subdiaphragmatic vagotomy also abolished FOS-like immunoreactivity in
response to mercaptoacetate, another fatty-acid inhibitor, but vagotomy had
no effect on cells stained positively fot the FOS protein in response to 2DG
(Ritter & Dinh, 1994). These results all indicate that the detection of
glucose availability does not require input from the periphery in the
metabolic control of feeding.
The glucoprivic signal that inhibits LH secretion in rats also seems. to
be detected in the central nervous system, rather in the periphery. To
determine whether the effect of glucoprivation on pulsatile LH was of
central origin, 2DG was administered into the lateral cerebral ventricle at
1/100th of the doses used peripherally. Central injections of2DG inhibited
,
LH pulse frequency at lower doses than those used peripherally
(Murahashi, et al., 1996). These results are in agreement with studies in
Syrian hamste~with showed that central injections of 2DG inhibited
estrous cycles at 1/100th of the doses used peripherally (Schneide~
Goldman, Leo & Rosen,1997).
The Caudal Brain Stem Is Critical For Detecting Glucose Availability
The neural system that mediates the effects of glucose availability on
estrous cycles involves the area postrema (AP), and the adjacent,
reciprocally innervated nucleus of the solitary tract (NTS) (Schneider &
Zhu, 1994).
The APINTS is located on the dorsal surface of the medulla
oblongata at the caudal end of the fourth ventricle and lacks a complete
blood brain barrier (Vanderkooy, D. & L.Y. Koda, 1983). Since the AP
contains highly permeable capillaries within the dorsal vagal complex, the
APINTS is in a unique position to gain access to information about fuel
availability in cerebral spinal fluid, as well as in peripheral blood. In
addition, information about changes in glucose availability may be conveyed
via neuronal pathways that exist between the APINTS and hypothalamic
neurons mediating estrous cycles. Specifically, the APINTS has neuronal
and vascular connections with the Al noradrenergic region and the
hypothalamus (Gross et aI., 1990). Fibers project from the NTS and pass
forward to lateral parabrachial nuclei that make direct synaptic
connections to hypothalamic nuclei, including the paraventricular nucleus
(PVN) supraoptic nucleus and the suprachiasmatic nucleus (Swanson and
Sawchenko 1985). There is evidence to suggest that the rostral projections
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from the APINTS are functionally significant, since electrical stimulation
of the A.P i~creases glucose metabolism in the areas to which it proje'cts
(Gross et al., 1990). Thus, fibers emanating from the APINTS project
rostrally to the parabrachial· nucleus of the medulla, and branch via the
dorsal corticothalamic taste pathway to several other anterior structures
mediating caloric homeostasis and reproduction.
Research suggests that glucose detectors in the APINTS have
important effects on fertility and feeding and research indicates that neural
mechanisms mediating the glucoprivic control of feeding and reproduction
may overlap. For example, in rats, treatment with 2DG increases neural
stimulation in the APINTS at doses that increase food intake. Studies in the
metabolic control of feeding behavior first established the AP as a critical
structure for detecting glucose availability. Specifically, icv infusion of 5-
thioglucose (another glucose utilization inhibitor) was found to increase
food intake when 2DG was restricted to the fourth ventricle by a cerebral
aqueduct plug. Food intake did not increase when the 2DG was restricted to
the forebrain ventricles (Ritter, Slusser & Stone, 1981). Finally, rats with
lesions of the APINTS show deficits in feeding in response to 2DG
(Contreras, Fox & Drugovich, 1982). Similarly, in Syrian hamsters lesions
of the AP prevent the effects of high doses of2DG (1750 mg/kg) on estrous
cycles.(Schneider & Zhu, 1994). These results are all consistent with the
idea that estrous cycles are controlled most proxj.mally by the availability of
glucose detected in the caudal brain stem, specifically, the APINTS.
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Ovulation and sex behavior have been used as indices of reproduction
in Syrian hamster. Other work in the metab~lic control of reproduction in
rats suggests that the AP/NTS may be a critical neural substrate for the
glucoprivic response to another component of reproduction, luteinizing
hormone secretion (LH). Pulsatile LH secretion is required for normal
ovarian development leading to the LH surge and ovulation. It has been
shown that 2DG administration (40 mg/kg) infused into the fourth ventricle
is sufficient to suppress pulsatile LH secretion in rats (Murahashi et aI.,
1996).
If the AP/NTS plays a critical role in the metabolic control of
reproduction in Syrian hamsters, then it would be predicted that cells in
this area would become stimulated by metabolic treatments that block
estrous cycles. Thus, in the first experiment of this thesis FOS
immunocytochemistry was used to assess neural stimulation within the
AP/NTS in response-to-food-deprivation-or-tre-atment with metaoolic
inhibitors MP and 2DG (see general methods for discussion).
The Paraventricular Nucleus May Be Involved In The Link Between
Energy And Fertility.
Studies in Syrian hamsters suggest that the caudal brain stem plays
a critical role in detecting glucoprivic signals (Schneider & Zhu, 1994),
however, more rostral structures that playa role in the reproductive
response to glucoprivation need to be identified. Research indicates that the
paraventrlcular nucleus of the hypothalamus (PVN) may be important for
the glucoprivic control of estrous cYcles. First, the PVN is innervated by
neurons residing in the APINTS, a region where lesions have been shown
to abolish 2DG-induced anestrt.s. Consistent with the idea that the
connections between the APINTS and the PVN are functionally significant,
electrical stimulation of the AP increases glucose metabolism in the PVN
(Gross et al., 1990). In addition, recent experiments in our lab have shown
that high doses of 2DG (1750 mg/kg) increase neural stimulation in the
PVN in a dose-dependent manner (Goldman & Jacobs, unpublished data).
Current research in rats suggests 2DG acts at the level of the APINTS to
facilitate paraventricular NE release. The fact that the APINTS is involved
in the glucoprivic control of reproduction has been well established
(Schneider & Zhu, 1996, Bucholtz et al., 1996), and more recent studies have
shown that projections from the APINTS to the PVN may be one neural
pathway by which glucose availability regulates LH secretion.
Furthermore, work in rats is providing clues that the existence of
noradrenergic projections from the caudal brain stem to the
paraventricular nucleus (PVN) are critical in the reproductive response to
changes in glucose availability (Mezey & Palkovitz, 1991). Data suggests
that noradrenergic projections to the PVN are critical substrates for the
______~glucoprivicsuppression of LH secretion. For example, forty-eight hours of
food deprivation, or treatment with 2DG suppresses pulsatile LH in rats
(Cagampang et aI, 1994). Microdialysis studies have shown that
paraventricular norepinephrine (NE) levels were significantly increased
following 2DG-injection and both mean LH concentration and LH pulse
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frequency were significantly decreased. In addition, if rats were treated
with an NE-synthesis inhibitor, a-methyl-p-tyrosine directly into the PVN,
no increase in paraventricular NE occurred in response to 2DG, and a
suppression in LH pulse frequency or LH concentrations was not found.
Thus, the suppression of LH by 2DG treatment was associated with an
increase ofNE release from the PVN (Nagatani et al., 1996). Furthermore,
the same NE-synthesis inhibitor microinjected into the PVN blocks the
decrease in LH pulse frequency that occurs in response to 48 h of food
deprivation in rats, and food deprivation increases NE release form the
PVN. Finally NE by itself is sufficient to suppress pulsatile LH secretion in
female rats when microinjected into the PVN. These results suggest that
that the PVN plays an important role in the glucoprivic suppression of
pulsatile LH via NE synthesis.
It has been proposed that the role ofNE within the PVN during
glucoprivation is to stimulate corticotrophin-releasing factor (CRF) activity,
a potent inhibitor of LH. For example, CRF ha~ been shown to suppress
LH levels at the hypothalamic level by inhibiting GnRH (Olster & Ferin,
1987). NE receptors have been localized in the CRF-containing cell bodies in
the PVN, and NE release has been shown to induce CRF production within
this nucleus (Calegro, Gallucci, Chrousos & Gold, 1988), (Cummings &
Seybold, 1988). In addition, ICV injection of the CRF inhibitor, a-helical
CRF blocked the suppression of LH by paraventricular NE injections.
These results indicate that NE-induced suppression of pulsatile LH is
contingent upon the presence of CRF. Furthermore, lesions of the PVN
~--= .'- '-- -'- - -~-- - -
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reversed fasting-induced suppression of LH in castrated males treated with
- -
testosterone (Tsukamura et al., 1996).
These data suggest that the PVN might playa role in the glucoprivic
control of estrous cycles in Syrian hamsters. Although the present
experhnents were not designed to test the role of CRH neurons or NE
projections directly, they were designed to determine whether the PVN is
critical for the impaired fertility that occurs in response to changes in
glucose availability. If the PVN is required for the glucoprivic cessation of
estrous cycles induced by 2DG, then hamsters with lesions of the PVN
would be expected to show deficits in 2DG-induced anestrus. Thus, in
experiment 2, radiofrequency lesions of the PVN were performed to
determine whether the PVN is a critical part of the central neural pathway
that coordinates glucose availability and reproduction. If the PVN is
required for 2DG-induced anestrus, then hamsters with lesions of the PVN
would be expected to cycle normally following 2DG injection, while
hamsters with intact PVN (sham-Iesioned) would be expected to show
anestrus in response to 2DG.
~ GENERALM:ETHODS & PROCEDURES
Neurochemical and Surgical Approaches to the Metabolic Control of
Reproduction: The Use ofFOS-Immunocytochemistry.
In order to identify some of the sites in the central nervous system
involved in the metabolic control of reproduction two techniques have been
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offers information about its functional significance. The other is
neurochemical, and allows for the localization of specific nuclei that have
been stimulated in response to energetic stress. These two techniques can
be used to compliment each other; stimulated brain sites could be
subsequently lesioned, based on the assumption that they participate in the
neural pathway that coordinates energy and fertility. The theoretical bases
for the neurochemical and lesion techniques, respectively, will be discussed
in some detail now.
The effects of changes in metabolic fuel availability on neural
stimulation can be estimated using the immunocytochemistry for the FOS
protein. The recently developed technique for using proteins as markers for
neural stimulation is based on the notion that a cell can respond to cues in
its environment by integrating extracellular stimuli with intracellular
effector pathways. One of these intracellular effector pathway responses is
long-term, and can modify a cells reaction to the primary stimulus.
Proteins modulate the expression of genes involved in the long-term
adaptation response.
Knowledge of genes which control cell growth grew out of studies
with viruses. When a virus infects a cell, a complimentary copy of DNA is
formed, followed by a second strand of complimentary DNA, to form a
double helix. The double helix is integrated into the host chromosome. The
DNA that was derived from the virus functions as an oncogene (v-one). V-
one and its gene product propagate unrestrained cell proliferation in
typical cancer. This data led to the discovery of similar DNA sequences in
.-
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normal, noncancer cells call proto-oncogenes, or c-onc. These genes and
DNA-associated proteins are characteristic of normal cell growth. and
proliferation. The recently localized c-fos, c-jun and c-myc genes are
characteristic of proto-oncogenes, and have recently been used as reliable
markers of neural stimulation.
For example, induction of the proto-oncogene, c-fos, occurs rapidly
following a myriad of extracellular stimuli (Sagar, Sharp & Curan, 1988).
After induction of the c-fos gene the c-fos protein product, FOS, undergoes
post-translational modification and binds to DNA. Many studies have
shown that there is rapid induction of c-fos following treatment with nerve-
growth factor (NGF), neurotransmitters and substances that cause
membrane depolarization. The agents that induced c-fos expression are all
dependent on extracellular calcium (Morgan & Curran, 1985). Since
neural physiology involves voltage-dependent gating of calcium during
neural excitation, seizure studies were used to determine whether c-fos
could be induced in neurons of intact animals in response to the
appropriate stimuli. Following seizure induced by treatment with.
Metrazole, the number of FOS-positive cells increased throughout the
cerebral cortex and limbic system of mice. FOS induction was assumed to
be correlated with metrazole administration because both FOS induction
and seizures were blocked by diazepam, a central nervous system inhibitor
(Curran & Morgan, 1988). Although c-fos is induced by membrane
depolarization and calciUm influx, depolarization does not necessarily,
'occur as a result of neural stimulation. For example, dopamine agonists of
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D1 receptors stimulate FOS production, but hyperpolarize membranes
(Wang, White, Mereu & Hy, 1987).-
The c-fos gene is synthesized rapidly after extracellular stimulation.
Therefore, c-fos and other rapidly induced genes are referred to as
"immediate-early genes." The precise localization of FOS in brain tissue
can be quantified by immunocytochemical analysis, using unlabelled
primary antibody raised against the FOB peptide. The primary antibody is
detected with a secondary antibody, which is biotinylated. The biotin
contained in the secondary antibody has a high binding affinity for avidin
labeled tertiary antibody. Thus, an avidin-biotin complex (ABC) is formed.
Specific nuclei containing FOS can be visualized with the chromagen
diaminobenzidine (DAB).
The number of cells stained for FOB within specific brain regions can
provide useful information about the neural pathways activated in response
to a number of extracellular stimuli. Specifically, FOS is increased only in
brain areas that are known to mediate the response to a given stimulus.
For example, administration of estradiol and progesterone to
ovariectomized female rats increases FOS-like immunoreactivity (FOB-li) in
GnRH neurons (Maillard & Edwards, 1991), and sexual stimulation
induces c-fos within estrogen-concentrating regions of the female rat
forebrain (Pfaus, Kleopoulos, Mobbs, Gibbs & Pfaff, 1993). The fact that
estradiol and progesterone within these brain sites are critical for ovulation
aD:d sex behavior in female rodents has been well documented. Similarly,
in males, c-fos is activated in the medial preoptic area of rats and hamsters
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after mating (Baum & Everitt, 1992) and in the bed nucleus of the stria
terminalis (BnST) of hamsters after exposure to female hamster vaginal
-discharge (Fiber, Adams & Swann, 1993). Lesions of the mPOA and the
BnST have been shown to disrupt male copulatory behavior in male
rodents. In addition, light impulses increase FOS-li in neurons of the
suprachiasmatic nucleus that are known to receive retinal inputs in the
hamster and rat (Kornhauser, Nelson, Mayo & Takahashi, 1990). In
addition, treatment with 2DG (2,000 mglkg) in hamsters fed ad libitum,
decreases neural stimulation in GnRH neurons (Berriman & Wade, 1992).
Thus, FOS has been used as a marker for neural stimulation, since it is
expressed specifically where lesions have been shown to produce behavioral
deficits in response to the same stimulus.
There were potential problems that were Ilecessary to consider using
FOS as a neural marker. First of all, FOS may exists basally in some
neurons, and this baseline level of staining may mask any changes due to a
specific stimulus (results are based on any increased staining observed
above baseline levels, in response to the experimental treatment when
compared to untreated controls). For this reason, in the present
experiments, all tissue from hamsters that were experimentally-treated
w.ere assayed simultaneously with control tissue from similarly handled,
vehicle-treated hamsters. In addition, handling, activity and stress may
elevate FOS production; Thus, precautionary measures were taken to
minimize stress to animals 24 h before sacrifice. Hamsters were brought to
the laboratory on the day prior to sacrifice and not perfused until the
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-. following morning. Noise levels were kept to a minimum up until the time
of perfusion. In addition, all experimental tissue was analyzed with sham-
operated, or vehicle-treated controls perfused simultaneously, to avoid
misinterpretation of FOS elevation. In addition, the time of sacrifice
following drug administration was chosen so that there is maximal FOS
accumulation (typically 1/2-3 hours after stimulus). To determine when the
optimal time between treatment and perfusion for MP and 2DG, a series of
pilot experiments were executed. In our laboratory, a previous experiment
was done to compare FOS expression following 2DG-administration after 1,
2 or 3 hours. It was found that the greatest number of positively-stained
nuclei was found after 3 hours. In another pilot experiment in hamsters
givenMP+2DG, MP was given at 3 different times (3, 5 or 7 hours) while
2DG wa~ always given 3 hours prior to perfusion.. Significant FOS-staining
was found in hamsters treated with MP+2DG, only when MP was given 5
or 7 hours prior to perfusion.
Increases in FOS production must be interpreted with caution. It is
possible that FOS antibodies will recognize the FOS protein as well as FOS-
related antigens. Thus, the antibody may not be totally specific for the FOS
protein. Consequently, increases in FOS production being detected may
actu.aJly 1:>~ FOS~l'elated pI'()teins, notc:1os j~self"-- Fo! this reasoIl,. the term
"FOS-like" immunoreactivity is commonly used. Furthermore, when no
basal increases in FOS production are detected, it does not necessarily
indicate that neurons are not stimulated. One possibility is that another
immediate-early gene is involved that is not recognized by the FOS antibody
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has been stimulated, such as c-jun, or that neural stimulation has
occurred independent of oncogene production.
---~---
C-fos immunocytochemistry is being used to understand the
metabolic control of food intake'and reproduction. In rats, FOS-li
immunoreactivity increases in the area postrema and the nucleus of the
solitary tract (APINTS) after treatment with 2DG, MA (another fatty-acid
inhibitor), or both drugs given concurrently. Vehicle injections failed to
produce FOS-li in the same brain regions (Ritter et al., 1992). These reslllts
are consistent with the increase in FOS-li found in the APINTS in response
to a variety of metabolic challenges that induce anestrous (Schneider,
Finnerty, Swann & Gabriel, 1995).
Immunocytochemistry Procedure
Following the appropriate time after treatment, animals received a
lethal dose of sodium pentobarbitol (400 mg/kg), and were perfused
intracardially with 4% paraformaldehyde. The brain and spinal cord were
removed and post-fixed for 4-6 h in a 4% paraformaldehyde solution, and
allowed to sink overnight in a 15% sucrose solution at 4°C. Frozen coronal,
sections (40!!m) from the area slightly anterior to the AP through the spinal
cord were cut on a rotary microtome. Sections were rinsed in cold .
Hartman's buffer (pH 7.4), and incubated for 48-72 h at 4°C with a rabbit,
affinity-purified, polyclonal antibody for the FOS protein (Oncogene Science
Inc., Manhasset, N.Y.), diluted at 1:2500 with a solution of .3% ml Triton X,
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0.1% thimerisol, and Hartman's buffer. All control tissue was run
simultaneously witl1 experimental tissue..
Following incubation with the primary antibody, tissue slices were
rinsed with Hartman's buffer, and incubated for 1 hat room temperature
with a biotinylated anti-rabbit made in donkey (Jackson Laboratory, Bar
Harbor, Maine). The antibody was diluted at 1:2500, with 3% Normal
Donkey Serum (NDS). Tissue was rinsed with cold Hartm~s Buffer, and
reacted with an Avidin Biotin Complex (ABC) kit (Vector LaboratoI'ies).
Tissue was then incubated on an orbit shaker for 15 minutes in the
chromagen, diaminobenzidine (DAB), with nickel intensification. Sections
were rinsed and mounted on
gel-coated slides.
Statistics Forlmmunocytochemistry
For each hamster, a drawing was made of a section of the caudal
brain stem, including all cells with nuclear staining in the APINTS using a
microscope equipped with a drawing tube. The sections that were selected
for drawing and statistical analysis were matched for level of theAP, only
sections where the AP was widest were chosen. The number of cells
containing FOS-li in the APINTS were counted from the drawings and
differences among groups were analyzed using a One-Way Analysis of
Variance (ANOVA).
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The Use ofLesions
.
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Tissue ablation is commonly used to study brain function. The
principle theory behind this technique is that once a particular part of the
brain is removed, changes in a behavior or response are observed, and
structure-function relationships can be inferred (King, 1991). For example,
studies in cortically damaged patients (Broca, 1861) led to the conclusion
that particular portions of the cortex were critical for articulate speech.
The investigation of deeper portions of the brain became available after the
development of a stereotaxic instrument (Horsely & Clarke, 1908) to
accurately position the tip of an electrode into the cerebellum of rhesus
monkeys (Horsely & Clarke, 1908). The first lesions were made in the
cerebellum of these monkeys by passing a direct current through the
exposed tip of the otherwise insulated steel electrode.
Later, stereotaxic units became available for use with rats. One of
the first studies to utilize electrolytic lesions in rats 'Was by Hetherinton and
Ranson (1940), who reported that rats with lesions of the ventromedial
hypothalamus (VMH) became hyperphagic and obese. These early studies
with rats demonstrated that lesions can be a useful tool to study food int~e
and body weight, whereby animals with lesions of a particular brain site
show disturbances in energy partitioning.
More recently, lesions have been particularly useful in mapping out
the central neural pathway (s) involved in the metabolic control of feeding
in rats. For example, lesions .of the APINTS, the lateral parabrachial
nucleus and th~ central nucleus of the amygdala abolish feeding in
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response to mercaptoacetate (a fatty acid inhibitor) and/or 2,5 anhydro-D-
~ -.....
____~~.. :.mannitol (a fructose inhibitor) (s~ Ritter, Calingas~li.uttolL&-Dinh,--.l992_....
for review). Lesions of the APINTS, and the CNA, also block 2DG-induced
food intake. 'fhe same paradigm can be used to map the neural pathway
involved in the metabolic control of reproduction. It has already been
demonstrated that lesions of area postrema prevent
2DG-induced anestrus (Schneider & Wade, 1994).
There are several different lesion techniques that can be employed to
ablate the desired tissue. These techniques rely on different physical and
chemical properties to destroy the area of interest. In the present
experiments radiofrequency lesions were used to destroy the PVN. The
mechanism by which radiofrequency lesions destroy tissue is heat, since
neural tissue is destroyed at temperatures above 43°C. Specifically, when a
high-frequency alternating current (radiofrequency) flows through a
resistive medium, heat is generated in that medium. Brain tis~ue is a
resistive medium, particularly at frequencies below 1 MHz. It is important
to note that heat is generated in the brain tissue itself, not at the electrode
tip. Radiofrequency lesions are produced by lowering an exposed tip of an
otherwise insulated electrode to the desired brain site. The temperature of
the brain tissue is slowly raised and maintained at some desired
temperature above 43°C for about 60 seconds. The heat that is generated in
the tissue ceases a.s soon as the current is stopped. Three variable.s affect
the size of the radiofrequency lesion: (1) the length of the uninsulated
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portion of the electrode tip (2) the amount of time the current is maintained
- __and (3) the intensity of the curre:p.t. Finally; since heat also cauterizes
blood vessels, the risk Qf hemorrhage and subsequent scar tissue is greatly
reduced when compared to other techniques. One of the potential problems
of radiofrequency lesions is that tissue differs in resistance to
radiofrequency, thus in_highly vascularized areas the current may be
shunted through non-neural pathways.
Briefly, two other commonly used lesion techniques should also be
mentioned since their different properties offer benefits and disadvantages
that were taken into consideration when the radiofrequency technique was
chosen for the present experiment. First, electrolytic lesions are produced
by nonspecific chemical reactions. A current is generated by ions moving
back and forth from the anode to the cathode. The electrode that is placed
into the brain can function as an anode or a cathode. An anal plug or an ..
ear clip can serve as a second electrode. As the current is passed the brain
acts as an electrolyte, similar to a saline bath. When the electrode serves as
an anode, electrodes with a potential less positive than the hydroxyl ion (i.e.
as iron, copper or nickel) diffuse into the brain as their corresponding -
metallic ions and destroy the surrounding tissue. When the electrode
serves as a cathode, damage is generated by the formation of oxygen
bubbles. Secondly, chemical lesions have been developed whereby
intracerebral injections of neurotoxins destroy the area surrounding the
injection site. Typically, these chemicals are excitotoxins and cause
neuronal degeneration, but spare afferent axons at the injection site.
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Excitotoxic lesions are agonists that act at different subtypes to the
glutamate receptor.
J In general, chemical lesions are often the preferred technique,
primarily due to the large amount of unintended damage to surrounding
areas that can be avoided by using neurotoxins, when compared to more
conventional lesion methods (i.e. electrolytic, radiofrequency or aspiration
lesions). As a result of unintended damage, it often becomes difficult to
attribute the observed changes in the experimental manipulation to the
damage to the brain site of interest. Conventional techniques such as
radiofrequency or electrolytic lesions present additional problems that can
be avoided by the use of neurotoxins. For example, by using chemical
injections and preventing the spread of the toxin to adjacent areas, the
damage can usually be confined to the area of interest. Furthermore,
chemical lesions selectively damage cell bodies, while fibers of passage are
spared. Conversely, animals with radiofrequency and electrolytic lesions
typically incur damage to cell bodies, as well as fibers of passage. One
disadvantage of chemical lesions is that they are difficult to localize
histologically in some species, including Syrian hamsters.
When a lesion produces no changes in response to an experimental
treatment, damage to unintended tissue or fibers of passage do not interfere
with the conclusions of the results since the area of interest has been
completely destroyed, and no changes in response occurred in the absence
of that brain site. Thus, when there is no effect of the lesion in the absence
of the area of interest, it can be concluded that the particular area does not
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, participate in the behavior orresponse being observed, no matter what
other tissue has been destroyed along with it. If a change in response-is
observed following a lesion, surrounding areas that have been
unintentionally destroyed confound the results because it is not clear
whether the lesion of the brain site of interest is producing the effect, or
some adjacent area, including fibers of passage.
Although radiofrequency lesions damage large portions unintended
tissue, the above considerations were taken into account when
radiofrequency lesions were chosen for the present experiment. The first
step was to determine whether an intact PVN was required for 2DG-
induced anestrus. If the PVN was shown to be critical for the effects of 2DG
on estrous cycles, more specific lesions of the PVN could be achieved in
subsequent studies by chemical lesion to rule out the possibility that the
effects were due to critical fibers of passage. Another way to approach this
problem would be to selectively lesion the areas surrounding the PVN,
while leaving the PVN intact. If lesions to surrounding areas prevented
2DG-induced anestrus, then the PVN itself could be discounted. Thus, in
the present experiments, radiofrequency lesions were performed initially to
determine whether the PVN participated in 2DG-induced anestrus. More
, specific lesions were planned pending the results of this study.
Radiofrequency Lesion Procedure
In the present experiment, radiofrequency lesions of the PVN were
performed. Hamsters were deeply anesthetized with sodium pentobarbitoL
3"'5""'"''.~.~;, '.-. -'-' ,-
(50 mg/kg) and placed in a stereotaxic unit. Metofane supplement was
cranial sutures. The skull was leveled between lambda and bregma. Two
holes were drilled 6 mm from either side of the midline, and 2 mm anterior
to bregma. An epoxy-coated electrode with a .5 mm uncoated tip was
lowered 6.2 mm from dura. Hamsters receiving radiofrequency lesions
received a 55 rnA current for 30 seconds (Grass Instruments), The same
procedures were used for the sham surgeries, except no current was
passed through the electrode.
Histology For Verification ofLesions
Hamsters were injected with a lethal dose of sodium pentobarbitol
(400mglkg) and perfused intracardially with physiological saline followed
by a 10% buffered formalin. Brains were removed and stored in a 20%
sucrose and 10% formalin solution overnight. Subsequently, brains were
sectioned coronally on a freezing microtome (40 mm). Sections were
mounted on gel coated slides and stained with cresyl violet. Drawings of
the PVN were made for each hamster using a microscope equipped with a
drawing tube. The suprachiasmatic nucleus, the arcuate, and the fornix
were used as the rostral, caudal, and lateral boundaries, respectively.
Hamsters were discarded from the lesion group if PVN perikarya were
observed within these boundaries.
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Statistics Analysis For PVNLesions
Fig. 5 shows a schematic reconstruction of representative
radiofrequency lesions. Some variations in lesion size·an~ placement were
.obtained. Although the lesions of this study were initially intended to
completely destroy the entire PVN, some hamsters had lesions that only
partially destroyedthe· PVN. Based on this variati{)n, hamsterswere
divided into 2 sub-groups: partial lesion and total lesion. The partial PVN
lesion group consisted of hamsters that had some part of the PVN
destroyed, but left some neurons of the PVN intact. The total PVN lesion
group consisted of hamsters with lesions of the entire PVN. A third group
received sham surgeries. The percentage of PVN-lesioned hamsters
showing regular 4-day estrous cycles in response to 2DG or saline was
compared to sham-lesioned hamsters given the same treatments. Since no
.
hamster in any group showed a regular 4-day estrous cycle in response to
2DG, a statistical test was not done. Only estrous cycles of hamsters in the
total PVN group were compared hamsters with sham surgeries. A
repeated measures design was used to determine the differences in weight
gain and food intake between the different treatment groups over time (20-30
days after surgery). Hamsters in all 3 groups (total, partial and sham)
were compared for food intake and body weight.
Metabolic Treatments
(1) Food De})rivation: Food deprivation for just 48 h, on days 1 and 2 of the
estrous cycle, prevents the LH surge, ovulation, estrous behavior, and the
,""7'''' -"'-'- -'. - ••
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postovulatory vaginal discharge at the 'time of the next expected estrous in
(Morin, 1986). Food deprivation on any other 48 h period of the cycle does
not significantly affect ovulatory cycles or estrous behavior. Thus, in the
following experiments, 2 groups of hamsters were either food deprived
(n=5) for 48 hours or fed ad libitum (n=3). Hamsters in the food deprived
group were placed in clean cages with no food present starting,at 0600 on
day 1 of the cycle and perfused 48 h later on day 3 of the same cycle. Mer
perfusion, caudal brain stems were processed using immunocytochemistry
for the FOS protein (see above for discussion).
(2) 2DG Treatment: It has been shown that high doses (1750 mg/kg) of the
glucose analogue, 2DG, inhibits estrous cycles when given every 6 h during
days 1 and 2 of the estrous cycle (Schneider, Friedenson, Hall & Wade,
1993). In addition, a single high dose of 2DG also increase FOB-li within the
APINTS. 2DG blocks glucose utilization specifically at the
phosphoshexosisomerase step of glycolysis. For all of the present
experiments, 2DG was dissolved in 0.9% saline and given by intraperitoneal
injection. All hamsters were given a high doses of 2DG (1750 mg/kg).
Timing and number of injections of 2DG varied in experiments 1 and 2 (see
procedures for details). Control animals were injected with 0.9% saline
only.
(3) MP Treatment:: Methyl palmoxirate (MP; methyl 2-tetradecylglycidate)
blocks fatty acid oxidation by inhibiting the transport oflong-ch~ fatty
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acids into the l1iitochondrial matrix. Specifically, MP irihibits carnitine
palmitoyltransferase I (CPT I), an enzyme located on the outer surface of
the inner mitochondrial membrane that regulates the transport of long-
chain fatty-acids. Long-chain fatty-acids ]'equire CPT I for uptake and
oxidation, and MP blocks long-chain fatty acid-oxidation by inhibiting this
enzyme (Kiorpes et al., 1984; Tutweiler "et al, 1985). Previous results have
shown that MP alone at doses between 20 and 100 mg/kg do not interrupt
estrous cycles without causing sever hypothermia, in hamster fed ad-
libitum. (Schneider et al., 1993). However, low doses ofMP (20 mg/kg) given
concurrently with low doses of 2DG (750 mg/kg) do inhibit estrous cycles,
when given every 6 h for the first 2 days of the estrous cycle. Thus, the
present experiments tested the possibility that concurrent administration of
MP and 2DG at the same doses would increase FOS-li within the caudal
brain stem. MP was suspended in 0.5% methyl cellulose solution and
administered by gastric intubation. Control animals were given only 0.5%
methyl cellulose solution.
Estrous Cycles, Sexual Receptivity and Experimental Treatments
Ovulation was determined by the presence of a copious, acrid
discharge that normally appears on Day 1 of the four-day estrous cycle.
This discharge follows estrous behavior and ovulation, which occur on the
evening of Day 4 of the 4-day estrous cycle. Hamsters were tested for
receptivity one hour before lights out (0900), and were considered receptive if
they exhibited the lordosis posture dpring a 10 minute test with a sexually
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-experiencedJ]).llJ~~ Hamsters_were incl~<!ed in these experiments only if
they showed two consecutive estrous cycles, determined by post-ovulatory
~
discharge and one positive test for lordosis the evening prior to injection.
PROCEDURES:
EXPERIMENT 1. Do Metabolic Treatments That Induce Anestrus
Increase Neural Stimulation in the AP and NTS?
The aim of the present experiment was to test the effects of different
metabolic challenges on FOS-li in the APINTS. Glucoprivation has been
shown to inhibit estrous cycles and increase neural activation in the
APINTS. Food deprivation for 48 h on days one and two of the estrous cycle
blocks the next expected estrous on day four of the same cycle. Thus we
examined FOS-li in response to 48 h of food deprivation. Food deprivation is
a metabolic challenge commonly experienced by animals in their natural
environment (Bronson, 1989). For example, food shortages occur during
winter or overpopulation. It is useful to compare food deprived animals
with those treated with pharmacologic metabolic inhibitors to precisely
determine the nature of the metabolic signal that is disrupting
reproduction (i.e. fatty acids or glucose). FOS staining may increase in a
particular brain site in response to food deprivation, but the distribution of
staining may differ when MP+2DG is compared to 2DG alone. Thus, use of
selective metabolic inhibitors, allows for detection of differential staining
patterns that is not possible with food deprivation, since food deprivation
decreases the immediate availability of all metabolic fuels. In addition, it is .
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also important to use food deprived animals to ensure that any staining that
occurs in responsetopnarmacological inhibitors can be attributed to
decreased metabolic fuels, not an unrelated pharmacological effect of the
drug. Consequently, in experiment 1, animals' were subjected to the
following treatments that block estrous cycles: food deprivation, 2DG alone,
or 2DG+ MP. FOS-li immunoreactivity in APINTS of these animals were
compared to animals subjected to the appropriate control treatment that
does not inhibit estrous cycles. The goal of experiment 1 was to determine
whether metabolic treatments that induce anestrous also increase FOS-li in
the APINTS, since it appears to playa role in the metabolic control of
reproduction (table 1).
Experiment la. Food Deprivation
Previous research has shown that estrous cycles are blocked by food
deprivation, especially in lean animals (100 g). Thus, animals in
experiment 1 weighed between 90 and 100 g. Hamsterswere either food
deprived (as described in general methods) (n=5) or fed ad libitum (n=3) for
48 h on day 1 and 2 of the estrous cycle, hamsters were perfused on day 3 of
the same estrous cycle.
Experiment lb. Concurrent treatment with MP and 2DG
It has been shown that estrous cycles are inhibited by concurrent
treatment with MP and 2DG at low doses (20 mg/kg and 750 mg/kg,
respectively.) (Schneider & Wade, 1989). These drugs given alone at the
saine doses do not block estrous cycles. The current study was designed to
. ,
see whether simultaneous treatment with MP and 2DG also increased FOBc=--_----.
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Ii in the APINTS. Hamsters were divided into three groups:
(1) a high dose of 2DG alone (1750 mglkg) (n=3)
(2) MP (20 mglkg) and2DG (750 mglkg) given concurrently (n=5)
(3) the appropriate vehicle (n=3)
(Drugs were administered as described in General Methods). The first·
treatment (2DG, 1750 mglkg) has consistently been shown to increase FOS-
Ii in the APINTS in hamsters, and was used as a positive control to
establish that the FOS antibody was working; thus animals in the first
group were not included in the statistical analysis. Preliminary studies
. -. -
have also confirmed that the optimal interval between MP administration
and perfusion is '7 h. Specifically, pilot data comparing MP+ 2DGwith MP
administered 3, 5 or 7 h prior to perfusion revealed that FOS-li is expressed
in response to 2DG+MP only when the MP is administered 7 h prior to
sacrifice. Consequently, the paradigm of the present experiment consisted
of a single injection ofMP (20 mglkg) given 7 h and 2DG (750 mglkg) given
to the same animal, three hours before perfusion. It has b,een shown in a
preliminary study that MP (20 mglkg) and 2DG (750 mglkg) have no affect
on FOS-li when administered separately. After the appropriate treatment,
animals were perfused and their brains were processed
immunocytochemically for the FOS protein, as described in General
Methods. An ANOVA was used to compare group 2 (MP+ZDG) to group 3
(vehicle). Staining in the AP and-theNTS was'analyzed separately.
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Food aeprivation on Days 1 and 2 of the estrous cycle significantly
increased the number of cells expressing FOS-li in the AP and NTS
(p<O.Ol), when compared ~"d libitum fed controls (Table 2 and Fig. 1).
Concurrent administratioN~ndMP also significantly increased
FOS-li in the APINTS (p<.05) over vehicle-treated controls (Table 2 and Fig.
2). Increased FOS staining was also observed in response to high doses of
2DG alone. Since this treatment was a positive control to determine
whether the assay worked, this treatment was not analyzed statistically.
Experiment 2. The Role ofthe ParaventricularNucleus ofthe
Hypothalamus in the Metabolie Control ofReproduction
In this experiment, the role of the PVN in the metabolic control of
reproduction was assessed. The PVN was investigated for several reasons.
First, the PVN receives projections from the APINTS, a site where lesions
have been shown to cause deficits in 2DG-induced anestrus in hamster
(Schneider & Zhu, 1994). In addition, workin rats has shown that
noradrenergic projections from the NTS to the PVN are critical for the
glucoprivic control of LH secretion (Maeda et al., 1994). In addition, high
doses ~1750 mg/kg) of 2DG that induce anestrus increase FOS-li in the
PVN (Schneider, Finnerty, Swann & Gabriel, 1995).
To determine whether the PVN is an essential component of the
effects of high doses of 2DG on estrous cycles was assessed in animals
c
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··wmcnsustained-bilateral,· radiofrequeney-lesions_of-the..E...Y:r~LIfthe
integrity of the PVN is required for the effects of 2DG on estrous cycles, therr
lesions of the PVN should impair anestrous induced by 2DG. Therefore, in
this experiment, hamsters received lesions of the PVN or sham surgeries,
and estrous cycles and sexual receptivity were assessed in response to 2DG
(2000 mg/kg).
Hamsters were lesioned as described in General Methods and cycles
were monitored on a daily basis until one positive test for lordosis occurred,
and post-ovulatory discharge was present the following morning. After
showing 2 consecutive post-operative estrous cycles, each hamster received
an intraperitoneal injection of 2DG (2000 mg/kg) or physiological saline
(.9%) every 6 +1 h during days 1 and 2 of the estrous cycle. This dose and
paradigm was chosen because it has repeatedly been shown to inhibit
estrous cycles in ad-libitum- fed hamsters (Schneider et aI., 1993). 2DG was
administered every 6 h since it is known that 2DG inhibits glycolysis for at
least that long (Schneider et aI, 1988). Lordosis behavior was evaluated on
Day 4 of the same cycle. Estrous behavior was checked every evening until
each animal displayed lordosis and post-ovulatory discharge on the
following morning after the injection period (see general methods for
details). The mean cycle length (in days), and the number of hamsters
showing 4-day estrous cycles were compared between sham· and lesioned
animals. Food intake and body weights were measured every 24 h, at 0900
h.
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Estrous Cyclicity
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No differences 'in estrous cyclicity were foundwhei anim~al:'-s-w----.--cit"'-h ,,-
PVN lesions (n=4) or animals with intact PVN (n=8) were treated with 2DG
(see fig.3). 2DG blocked estrous cycles in animals with lesioned or intact
PVN when treated with 2DG (2000 mg/kg). Specifically, no animal in either
group exhibited lordosis on Day 4 when 2DG was administered on the first 2
days of the same cycle. Therefore, regular 4-day estrous cycles were
inhibited even in animals with PVN lesions. H~sters in both groups
""
cycled normally when treated with saline (Fig.3). In addition, the mean
cycle length (in days) following 2DG treatment did not differ between sham
(7.6) and lesioned (6) animals (Fig 4).
The extent of lesions are depicted in a schematic representation in
figure 5. Five levels of the PVN were chosen in each lesioned animal. A
corresponding section was selected in an intact animal based on the fact
that it was representative of that level of the PVN. Hatched marks indicate
the largest extent of the lesion at that level, and solid black shapes represent
the smallest area lesioned at that level. Lesions extended ventrally to the
suprachiasmatic nucleus and dorsally to the ventral border of the
thalamus. Laterally, lesions generally extended as far as the fornix. The
most rostral extent of these lesions was seen in the medial preoptic area,
and in one animal the lesion extended as far back as the zona incerta, and
VMH. The VMH was intact in all animals.
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Body Weight
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Since PVN lesions have previously been shown to cause obesity in
ra~s and Syrian hamsters (Rowland et al., 1986) body-weight gain was used
as an index of whether or not lesions were successful throughout this
experiment. Body weights were measured every day for 20 days post-
operatively. A repeated measures statistic with one between variable
(sham, partial or complete lesion) and one within variable (each hamsters
body weight) was used to determine whether PVN lesions had a significant
effect on body weight. A significant interaction between body weight and
extent of the lesion was found (p<.Ol). Hamsters with complete lesions of
the PVN (n=4) gained significantly more weight over time than hamsters
with partial lesions (n=15), or hamsters with sham-lesions (n~8) (see Fig.
6). These results can be taken as independent confirmation of complete
PVN lesions.
Food Intake:
Overall food intake was also measured for 20 days after surgery to
evaluate whether the increase in body weight was due to an increase in food
intake. In addition, any discrepancies in food intake may have confounded
any observed differences seen in ovulatory cycles throughout the
experiment. ,Therefore, food intake was measured every 24 h during 2DG
and saline treatment. A repeated measures statistic was used to compare
overall food intake across hamsters with sham, partial or complete lesions
.-. ".,
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of the PVN. No difference in overall food intake was found between sham,
partial or completely-Iesioned animals. (see figrlre 7).
In addition, food intake was compared across treatment groups
(sham, partial and complete) and across the 4-day estrous cycle during 2DG
or saline treatment. Hamsters in~ll three groups showed a significant
decrease in food intake during 2DG treatment during the first two days of
the cycle (p<O.Ol, data not shown), but on days three and four, when 2DG-
treatment was terminated, food intake matched saline controls. However,
it should be stated that this level of food restriction is not sufficient to block
estrous cycles alone. Thus, the inhibition of estrous cycles was due to 2DG,
and not an indirect effect of decreased food intake.
v. SUMMARY AND CONCLUSIONS
As predicted, Experiment 1 showed that metabolic treatments that
block estrous cycles increase neural stimulation of the APINTS as
measured by FOS-li; treatments that do not block estrous do not increase
FOS-li within this brain site. One caveat to this statement is that although
high doses ofMP alone have no effect on estrous cyclicity, it has recently
been shown in some experiments that MP alone may be sufficient to
increase neuronal activity within the APINTS (see Table 3) (Black &
Schneider, unpublished observations). In experiment 1, food deprivation for
48 h significantly increased FOS-li in the AP and NTS when compared to
ad libitum-fed controls (Fig. 1). Hamsters treated concurrently with low
doses of MP (20 mglkg) and 2DG (750 mglkg) also showed a significant
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elevation in the number of cells expressing FOS-li in the AP/NTS when
~. >~~,-,., _~_~.,~'o '- -,-' ~~,~-- -c ,-, ,- ._-,~~-,~-,-
compared to hamsters treated with the appropriate vehicle (fig.2).
•
In a"previous report in rats, no increases in FOS-li were found after
22 hours of food deprivatio;n (Olsen et al., 1993). However, in the present
study, hamsters were food deprived for more than twice as long as the rats
in Olsen et al. Furthermore, we have, shown that 24h of food deprivation
increases neural stimulation in thin, but not fattened hamsters. It is
possible that the results of Olsen et al. reflect the higher body weight and
possibly body fat content of\heir food deprived rats. Experiment 1 lends
further support to the idea that cells in the AP/NTS are part of the neural
mechanism that detects glucose availability.
However, the results of these studies do not necessarily preclude that
fatty-acid availability may be one part of the signaling mechanism that
participates in the metabolic control of reproduction. High doses of MP
alone may be sufficient to increase neural stimulation within the AP/NTS
(Black & Schneider, unpublished observations). Studies show that
hamsters will show compensatory metabolic responses following treatment
with MP, including changes in circulating ketone bodies, free fatty-acids
and glucose. The results of these earlier studies are all in agreement with
the fact that MP does have its desired effect in hamsters, to suppress fatty
acid oxidation (Lazzarini, Schneider, & Wade, 1988).
One consideration to be taken into account when interpreting these
result~js that MJ?t~~s_a relatively long time to affect neuronal activity.
Specifically, MP may take longer to induce neural stimulation than
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mercaptoacetate (MA), another competitor of fatty-acid oxidation. This may
'" .
be because MP is administered by suspensfon1:iy-gast:fic-intubation. Unlike
MP, MA is dissolved in solution, and given by intraperitoneal injection, so
the effects of MA on FOS-li on neuronal activity may be more immediate.
Thus atthe time that MP has its maximal effects on FOS-li (7 h),the
optimal activity of cells in response to 2DG (3 h) has already been reduced.
This was taken into account by administering MP 4 h prior to 2DG in the
present experiments, however, the possibility that the metabolic effects of
these pharmacological inhibitors was not optimally synchronized can not
be discounted. Thus a drug which induces lipoprivation within a time
frame that more 'Closely mimics the effects of 2DG drug would have been
ideal. While it is currently not known whetherMA alone is sufficient to
block estrous cycles or increase FOS-li within the caudal brain stem of
hamsters, it is predicted that MA given alone, or in conjunction with 2DG
may be a more potent metabolic signal than MP, because less time is
required for its effects. Thus it is more likely that the metabolic effects of
MA would occur parallel to those of 2DG, thereby suppressing fatty-acid
oxidation and glucose utilization at the same time, rather than
sequentially. In fact it has been shown that the effects ofMP on circulating
metabolites lags behind the effects of 2DG by 1 to 3 hours (Lazzarini et al.,
1988). It may be that MA alone is sufficient to suppress estrous in
hamsters. The problem with studying the effects of MP on estrous cycles is
- - that it induces torpor at high doses, so that estrous cycles can not easily be
.inyestiga~~d~,It,is possible thaLMA could..be.given for .a shortetduration.
. .. - . . -
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since the route of administration is more direct, and estrous cycles could be
--sfuaied-witlioiitcOmoUiimng from-the theromregulatory effects of
lipoprivation. Alternatively, cells within APINTS may responsive to the
general lack of metabolic·fuels tliat are required for many physiological
functions. Reproduction is just one of many systems requiring metabolic
fuels. In this case fatty-acids may not be critical for reproduction per se,
but cells within the APINTS responsive to compromised fatty-acid
availability induced by MP alone could be a signaling pathway for some
other biological process, other than reproduction.
In rats, neural pathways that detect glucose availability and
fatty-acid availability are divergent. Signals about fatty acid availability are
detected peripherally 'and transmitted by the vagus. Changes in fatty-acid
availability induced by MA increases FOS-li in the NTS, the lateral
parabrachial nucleus (LPBN) and the central nucleus of the amygdala
(CNA) (Ritter & Dinh, 1994). Vagotomy suppresses FOS-li in response to
MA in these brain sites, and MA-induced feeding. Centrally detected
glucoprivic cues also stimulate FOS-li within the same neural loci as
peripherally detected lipoprivic cues, with the addition of the locus
coeruleus, the PVN, and the supraoptic nucleus. 2DG-induced feeding or
FOS-li is not disrupted by vagotomy (Ritter & Dinh, 1994).
It is important to recognize that while there are clear lipoprivic
effects on feeding in rats, there are no lipoprivic effects on estrous cycles in
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effect is not mediated by the vagus nerve (Schneider, Goldman, Leo,-Rosen - -
& Zhu, 1996). This is very differentlrom feeding in rats. Thus, for cycles in.
hamsters the most proximal signal is glucose availability, while for feeding
in rats the signals are both glucose and fatty-acid availability. In Syrian
.
hamsters, increases in FOS-Ii have also been found within the PVN, lateral
parabrachial nucleus, locus coerulus, and the central nucleus of the
amygdala in response to 2DG. Lesion studies are required to identify
whether these areas are functionally significant in the glucoprivic control
of reproduction.
In addition, although there seems to be a threshold, (all-or-none)
dose of 2DG for the supression of estrous cycles in hamsters (1750 mg/kg),
increases in FOS..;Ji in the APINTS of 2DG..treated hamsters appear to occur
.
at much lower doses, in an almost dose-response pattern (Finnerty,
Goldman, Leo, Davi, Barnett & Zhu, Conference on Reproductive Behavior,
1994). Stimulation of cells within the APINTS occurs at doses as low as 500
mg/kg. It may be that while cells within the caudal brain stem are
responsive to mild glucoprivation, a stronger signal is required to shut
down those mechanisms controlling GnRH secretion, and the subsequent
LH release, steroid secretion and reproductive behavior. It is possible that
cells within the caudal brain stem are involved in the compensatory
sympathoadrenal response to glucoprivation. Specifically, to overcome the
inhibitory effects of 2DG on glucose metabolism, signals form the central
-------------nel"Vous-system-stimulate norephinephrine from the adrenal medulla to
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activate the conversion of liver-glycogen to blood glucose. )tmay be that
, ,.'/--. J ~ /
glucose-sensitive cells within the APINTS participate in this response.
Decreased energy availability can act at many levels of the
reproductive axis. Metabolic challenges can affect the neural mechanisms
controlling estrous behavior separately from those that control ovulatory
cycles. Estrous behavior can be studied separately fro~ ovulatory cycles by
using hamsters with ovaries removed (OVX), and giving estradiol (E) and
progesterone (P) replacement. Lordosis can be restored in OVX hamsters
given E and P (Kent, 1968; Tiefer, 1970). T-reatment with metabolic
inhibitors 2DG+MP, blocks steroid-induced estrous behavior in OVX
hamsters (Dickerman, Li & Wade, 1993). 2DG alone has no effect on
steJ:Oid-induced sex behavior'. One explanation for the increase in FOS-li in
response to concurrent treatment with MP+ 2DG may be that while
mechanisms controlling LH secretion may be most responsive to glucose
availability, the neural loci controlling estrous behavior may be most
sensitive to the general availability of metabolic fuels, rather than one
specific substrate. It has been well established that estrous behavior is
controlled by estradiol. action in the ventromedial nucleus of the
hypothalamus (VMH) (Barfield et aI., 1983). For example, direct
application of an antiestrogen directly into the VMH blocks induction of
estrous behavior in rats, and estradiol implants directly into the VMH
facilitates lordosis in hamsters,.rats and guinea pigs (Debold et aI., 1982;
Delville & Blaustein, 1991; and Rubin & Barfield, 1983). Low doses of MP +
2DG inhibit steroid-induced sex behavior in on hamsters, and decreases
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.detectable estrogen-receptor reactivity (ERIR) in the VMH of hamsters. In
-----1 ~_~__
fact, only metabolic tr.eatments that suppress steroid-induced sex behavior
(food deprivation, MP+2DG and diabetes) affect detectable ERIR. In
contrast, estrous cycles are interrupted by 2DG alone (1750 mg/kg). Thus,
in hamsters, estrous behavior responds to a different fuel mix (fatty acids
and glucose) than does estrous cyclicity (glucose) (Wade, Schneider & Li,
1996). It may be that FOS-li seen in response to MP+2DG were part of the
neural mechanism controlling estrous behavior.
In experiment two, lesions of the PVN did not block 2DG induced
anestrous, despite the fact that 2DG increases neural stimulation within
,
this brain site. This is consistent with the metabolic control of feeding in
rats. Studies have shown that $:lthough 2DG increases FOS-li in the PVN of
rats at doses which stimulate food intake, PVN lesions do not abolish
feeding in response to 2DG (Calingasan and Ritter, 1992). A previous report
also found that PVN lesions do not impair feeding induced by glucoprivic
agents (Shor-Posner et al., 1985). Although past research indicates that
noradrenergic neurons in the hypothalamus may participate in glucoprivic
feeding, noradrenergic receptors within the PVN are not essential for
feeding in response to 2DG (Calingasan & Ritter, 1994). Similarly, despite
the apparent importance of noradrenergic receptors in t~e glucoprivic
.supression of LH in rats, the results of the present experiment indicate that
the PVN is not an essential part of the pathway involved in the glucoprivic
control of estrous cycles.
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Furthermore, the results of this study do not support the original
hypothesis-tha~glucoprivic_effects_onestrous cycles :reqW.res inhibition of
LH in response by increased CRF release from the PVN via facilitated
noradrenergic activity. The most parsimonious explanation is that the
.PVN is not part of the pathway that mediates the effects of glucoprivation on
estrous cycles. Another explanation for why PVN lesions had no effect on
2DG-induced anestrous may be that CRF release acts to attenuate LH
secretion in an area other than the PVN, in particular the medial preoptic
area (mPOA). It has been well documented that CRF has a central
inhibitory effect on pulsatile LH secretion (Rivier & Riviest, 1991). For
example, intracerebroventricular injections of CRF suppresses the activity
of.the~hypothalamo-pituitary-gonadalaxis (Mezey et al., 1985). In addition,
intracerebroventricular injection of the CRF inhibitor, a-helical-CRF blocks
the effects of stress on LH secretion (Rivier, Rivier & Vale, 1986). CRF
neurons within the PVN stimulate adrenocorticotropic hormone and the
subsequent adrenal response necessary for fuel oxidation during times of
stress (including metabolic stress). Furthermore, work iIi metabolic
control of LH secretion provides strong evidence that noradrenergic
projections from the caudal brain stem to CRF-containing neurons within
the PVN is critical for fasting-induced supression of LH (Maeda et al.,
1994). In addition, the parvocellular division of the PVN contains most of
the CRF cell bodies that project to the infundibular system and many -
stressors as diverse as prolonged exercise, immobilization stress or foot
shock increases FOS-li within CRF neurons in the PVN of rats (Rivest, Lee,
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Rivier & Lee, 1992).. !.Iowev~r, research suggests that the PVN is not
required for the reproductive response to physiological stressors in general.
Specifically, complete electrolytic lesions of the PVN do not block the
inhibitory effects of prolonged stressors (eg. footshock) on LH secretion
(Rivest & Rivier, 1992). Furthermore, CRF infused into the PVN has no
effect on LH release or hypothalamic LHRH release from the hypothalamus
as measured by push-pull cannula located in the medianemminence
(Rivest, Plotsky & Rivier, 1993). In contrast, CRF infused bilaterally into the
mPOA decreases LH release on the evening of proestrous. In addition,
CRF bilaterally infused into the mPOA suppresses hypothalamic LHRH by
64% on the same afternoon (Rivest Plotsky & Rivier, 1992). CRF-induced
supression of LH and LHRH is believed to be through an opioidergic system
since previous administration of antagonists to the m-opioid receptor
infused in to the mPOA reverses supression ofLHRH by CRF. In Syrian
hamsters, there are catecholaminergic projections from the NTS to the
mPOA, and MP+2DG treatment increases detectable ERIR within this
brain site (Li, Wade & Blaustein, 1994). It has been hypothesized that
metabolic fuel deprivation acts to increase the number of estrogen receptors
/
within the mPOA and thereby suppress GnRH neurons via steroid negative
feedback. MP+2DG also facilitates ERIR within the PVN and the mPOA in
hamsters (Li, Wade & Blaustein, 1994). This suggests that steroid negative
feedback may act at the level of the PVN to suppress reproduction.
Consistent with this idea, estrogen enhances fasting:-induced supression of
LH at the level of the PVN in rats (Tsukamura et al., 1994). It could be
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hYl?othesized that the activati?~festrogen-sensitive noradrenergic cells
~ .
would inhibit GnRH secretion by increased CRF. However, t~e fact that
" .
CRF microinje9tions into the PVN have no effect on LH secretion in rats
provides evidence that CRF neurons within the PVN do not participate in
LH supression (Rivier et al., 1993).
CRF was not measured directly in the present experiment, and the
mechanism by which "stress" attenuates LH secretion through CRF release
differs from energy deprivation. However, two conclusions may be drawn
from this experiment and the results of Rivier et al. (1993). CRF neurons at
the level of the PVN are not required to suppress estrous cycles during
'\.
glucoprivation, because they have been ablated in the current study (2) The
. neuropeptide CRF specifically, (not general stressors) doesnot affect LH
when infused into the PVN. Thus, regardless of how CRF is increased
(either by fasting or general stressors) it may not modulate LH secretion
within this nucleus. In the future, more direct studies measuring LH
secretion, CRF levels and catecholaminergic assays are needed to more
clearly define the exact mechanism whereby glucose deprivation inhibits
reproduction.
Increased CRF levels at the level of the PVN is only one of many
possible mechanisms whereby LHRH is suppressed during metabolic
stress. One reason that this neuropeptide may not be a likely candidate is
because the sequence of events that defines a physiological response to
stress is an extremely generalized phenomena that occurs folloWing a wide
variety of stimuli as diverse as foot shoc,k to physical restraint. It is likely
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that changes ill;. 'tleuromodulators that occur specifically in response to
meta~~Iic chalreng~h~ve mor~ rel~van~~e.-- .
Alternatively, ,the PVN may be important for the glucoprivic control
of pulsatile LH release, but 2DG could also suppress neural mechanisms
associated with the LH surge. In this case, lesions of the PVN would
impair metabolic inhibition of pulsatile LH release, however, since 2DG
also suppresses surge-related neurons remote from the PVN that are still
intact, hamsters with PVN lesions would still stop cycling in response to
2DG. In order to test whether the PVN is involved in the glucoprivic control
,
of pulsatile LH, FOS-li within GnRH neurons within the caudal POA could
be assessed on day two·of the estrous cycle following2DG treatment. GnRH
neurons within the caudal POA have been shown to be associated with
pulsatile LH secretion because they express FOS throughout the entire
estrous cycle. It would be predicted that hamsters with lesions of the PVN
would still show increased FOS activation within the caudal POA on day 2
of the estrous cycle, while 2DG would" inhibit FOS expression in GnRH
neurons in intact hamsters. The fact that 2DG inhibits FOS-Ii within
GnRH neurons of the caudal POA has been shown previously by Berriman,
Wade & Blaustein (1992).
Data within experiment 2 reveals that hamsters with lesions of the
PVN gain weight over sham-Iesioned controls (Fig. 6). This increase in
body weight was independent of an increase in food intake (Fig. 7). The fact
that hamsters with lesions of the PVN gained weight without increasing
their food intak."~.!:tldicatesthat lesions ofthe PVN caused some disturbance~---= -~--
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in fuel partitioning, since hamsters with lesions of the PVN stored more
T
fuels as adipose tissue. These results -aIe~iri contrasCWith Rowlandet al.
(1985) who found that lesions of the PVN and the medial antenor
hypothalamus causes severe hyperphagia along with rapid weight gain.
The hamsters in Rowland et al. were also hyperinsulemic, which would
explain why hamsters would gain weight even in the absence of an
increase in food intake, since insulin is a hormone which redirects fuels
into adipose tissue and away from tissues where they are oxidized
(Rowland et al., 1985).
Finally, there are many parallels that can be drawn between the
glucoprivic control of feeding in rats, and the glucoprivic control of
reproduction in Syrian hamsters. For example, both reproduction and food
intake are affected by 2DG. Intracerebroventricular (leV) injection of 2DG
stimulates food intake in rats (Miselis & Epstein, 1975), and inhibits estrous
cycles in hamsters (Goldman, Leo, Rosen, Zhu & Schneider, 1997), at doses
lower than those that are required peripherally. 2DG also increases FOS-li
within the PVN of rats (Ritter & Dinh, 1994) and hamsters (Finnerty,
Jacobs, Szajna, Swann & Schneider, Neurosclence Abstracts, 1996).
Furthermore, neuropeptides placed into the PVN have profound effects on
l".
both feeding and reproduction in rats. For example, intracranial injections
of neuropeptide Y (NPY) (Stanley & Leibowitz, 1984) and galanin (Kyrkouli,
Stanly & Leibowitz, 1986) administered directly into the PVN have.been
shown to stimulate food intake in rats. In addition, (NPY) either facilitates
- or-inhibits gonadotropin release_from th.e a.nterio:r'pituitary depending on
."" - - .- _.. -.-- . . --- -., ..... "
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the presence of gonadal steroids, (see Kalra, Sahu, Kalra & Crowley, 1994
'. . .. - _.~ -, .
for review) and galanin has been show~ to facilitate LH release rhesus
.
monkeys (Schreihofer, Golden & Cameron, 1993). However, despite
evidence that the PVN is imp~nt for the metabolic control of feeding and
reproduction, lesions of the PVN do not prevent 2DG-induced food intake in
rats (Calingasan & Ritter, 1992), and the present experiment suggests that
the PVN does not participate in the glucoprivic control of estrous cycles,
since hamsters with lesions of the PVN did not show deficits in 2DG-
induced anestrous. An alternative explanation is that the PVN is part of
the neural mechanism that controls both of these functions, however, in the
absence of the PVN, other parts of the brain may compensate and take over
the same function. It may also be that neurons within the PVN are
associated with the surge mode of LHsecretion, while 2DG has inhibitory
effects on cells that regulate pulsatile LH. In this case, 2DG given during
the first two days of the estrous cycle would still have inhibitory effects at
the level of pulsatile LH secretion even in the absence of the PVN.
Glucoprivation could also act at many other levels of the reproductive axis
to inhibit estrous cyclicity in the absence of the PVN. 2DG could act at the
level of the ovary by decreasing ovarian sensitivity to gonadotropins, thus
follicular growth would be inhibited, and the subsequent positive feedback
effects of estradiol on the LH and the LH surge would be suppressed.
Alternatively, 2DG could decrease pituitary sensitivity to hypothalamic
GnRH, thus inhibiting LH and FSH release.
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..
Several conclusions can be drawn from the pres~nt studies: first,
treatments that suppress reproduction in female Syrian hamsters correlate
....
well with neural stimulation within the caudal brain stem, specifically the
APINTS. The fact that high doses of MP alone have no effect on estrous
cycles or FOS-li in the APINTS, but high doses of 2DG do, indicates that the
metabolic cue controlling estrous cyclicity is most likely the availability of
glucose. Furthermore, the PVN does not playa critical role in the
glucoprivic response to estrous cycles. While looking at post-ovulatory
discharge, estrous behavior and FOS-activation has been valuable, in the
future, more direct measures of reproductive axes are needed in Syrian
hamsters in order to understand the central neural pathway that
coordinates energy and fertility this species.
)
60
. ::.....~.. ,.... ~: ..
\
References
Barfield R.J., Rubin B.S., Glaser J.H. & Davis P.G. Sites of action of
ovarian hormones in the regulation of oestrus responsiveness in
rats. In:Balthazart T., Prove E., Gilles R. (eds) Hormones and
Behavior In Higher Vertebrates. Springer-Verlag, Berlin, pp 2-17.
Berriman S.J., Wade G.N. & Blaustein J.D. Expression of FOS-like
proteins in gonadotropin-releasing hormone neurons of Syrian
hamsters:effects of estrous cycles and metabolic fuels,
Endocrinology, 131:2222-2228, 1992.
Bronson F.H.' Mammalian reproductive Biology. Chicago IL.University of
Chicago Press; 1989.
Bronson, F.H. Food-restricted, pre-pubertal female rats: Rapid recovery of
luteinizing hormone pulsing with excess food, and full recovery of
pubertal development with gonadotropin-releasing hormone,
Endocrinology, 118:2483-87, 1986.
Bucholtz D.C., Vidwan N.M., Herbosa C.G., Schillo K.K. & Foster D.L.
Metabolic interfaces between growth and reproduction V. Pulsatile
luteinizing hormone secretion is dependent on glucose availability,
Endocrinology, 137(2):601-607, 1996.
Bucholtz D.C., Vannerson L.A., Ebling F.J.P., Wood R.I., Suttie J.M., &
Foster D.L. Modulation of gonadotropin secretion in growth-
restricted lambs by glucose/amino acids, Bio. Reprod. 38:185, 1988.
61
Cagampang F.R.A., Ohkura S., Tsukamura S., Coen C.W., Ota K. & Mreda
" .... . .
K.-I. Alpha-2 adrenergic receptors are involved in.the.supression.of
,~ • ~ I
luteinizing hormone release during acute fasting in ovariectomized
estradiol-primed rats, Neuroendocrinol., 56(5):724-728, 1992.
Calingasan, N.Y. & Ritter, S. Hypothalamic paraventricularnucleus
lesions do not abolish glucoprivic & lipoprivic feeding, Brian
Research, 59:25-31, 1992.
Cameron J.L. & Nosbisch C. Reversal of excercise-induced ammenorrhea
in female cynomologus monkeys, Endocrine Society Meetings., 1042,
1990.
Carlberg K.A. & Fregly, M.J. Disruption of estrous cycles in excercise-
trained rats, Proc. Soc. Exp. Biol. Med., 179:21-21, 1985.
Clarke I.J., HortonR.J., & Doughton B.W.Investigation of the mechanism
by which insulin-induced hypoglycemia decreases luteinizing
hormone secretion in ovariectomized ewes, Endocrinology, 127:1470-
1476,1990.
Contreras R.J., Fox E. & Drugovich M.C. Area postrema lesions produce
feeding deficits in the rat:effects of preoperative dieting and 2-deoxy-
D-glucose, Physiol. Behav., 29:875-884.
Cumming S. & Seybold V. Relationship of alpha-1 and alpha-2 adrenergic
binding sites to regions of the paraventricular nucleus of the
hypothalamus containing corticotropin-releasing factor and
. vassopressin neuro]1s, Neuroendocrinol., 44:523-532, 1988.
··62
Curran T. (MOrgan J.I. Superinduction of c-fos by growth factor in the
.presence of perip1'ierally.active benzodiazepines,.Science, 229:1265- .. /
1268,1985
Debold J.F., Malsbury C.W., Harris V.S. & Malenka V. Sexual
receptivity:brain sites of estrogen action in female hamsters. Physiol
Behav. 29:589-593,1982.
Delville Y. & Blaustein J.D. A site for estradiol-priming of progesterone-
facilitated sexual receptivity in the ventrolateral hypothalamus of
female guineu pigs, Brain Research, 559:191-199, 1991.
Dickermanr R.W., Li H.-Y. & Wade G.N. Decreased availability of
metabolic fuels supresses estrous behavior in Syrian hamsters, Am.
J. Physiol., 264:R568-R572.
Estienne M.J., Schillo K.K., Hileman S.M., Green M.A., Hayes S.H., &
Boling J.A. Effects of free fatty acids in luteinizing hormone and
growth hormone secretion in ovariectomized lambs, Endocrinology,
126:1934-1940,1990.
Fiber J.M., Adames P., & Swann J.M. Pheromones induce c-fos in limbic
areas regulating male hamster mating behavior, Neuroscience,
4:871- 874, 1993.
Finnerty B.C., Jacobs D., Szajna M., Swann J.M. & Schneider, J.E. The
combined use of FOS immunocytochemistry and lesions in the study
of neural pathways underlying metabolic control of reproduction,
Society For' Neuroscience Annual Meeting, Washington D.C.,
November 1996.
63









Figure 4.
. , ,
• Saline
02DG
8
7
6
-rn~
~
--
---=5bD
=~~- . "
~
~4
0
a
~
3
2
1
o
Sham
Surgery
PVN-Iesion
------_._---- --:-:'~ , -~ ,-.' - 7;. -. -, ,'. :: •'_ .-1j'3 -...: .'~ • . , ..:'.::"
:Pw"~esioned ..
Fig. 5. Schematic reconstructions of representative lesions from groups of
hamsters with 'Total PVN lesions' (left) were matched to 'Sham'-operated
controls (right). Representations are presented rostral to caudal (top to
bottom). Lesions extended from the medial preoptic area to the zona
incerta. The largest lesion (hatched marks) and smallest lesion (blackened
area) for the Total-lesioned group is represented.
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No
No
No**
?
Increases FOS-li Prediction.
? yes
?
? yes
yes yes*
3. ' Low doses of 2DG alone
2. Food available ad-libitum
Anestrus
Treatments That Do Not Induce
1. Vehicle Injection
1. High doses of2DG (1750) mglkg
2. Food Deprivation (48 h)
3. 2DG + MP (low doses)
Would beExpected to Increase FOS
,'''''''''''''., ".TreatmentsThatJnduce~Anestrus,And,~"Increases"F()S-li-"",'Prediction··"
(
--- -----4~bow-dosesof MP alone No**
* Schneider, Finnerty, Swann & Gabriel, 1995
** Pllot Studies run prior to the following experiments
>
Table 1. Predicted effects of metabolic treatments that do or do not induce
anestrus on neural stimulation (as measured by FOS-like
immunoreactivity (FOS-li)) in the area postrema and the nucleus of the
solitary tract of female Syrian hamsters.
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V ""\ AP NTS
Food Deprived mean 22 93
standard deviation 13.97 28.84
Ad libitum mean 1.66 22.67
standard deviation 2.09 3.51
MP+2DG
Vehicle
mean
standard deviation
mean
standard deviation
26.8
18.07
o
o
73.8
31.97
15.33
17.90
Table 2. Mean and standard error of the number of cells showing FOS-like
immunoreactivity in the APINTS in response to food deprivation (top) or
treatment with concurrent administration of low doses of MP (20 mglkg)
and 2DG (750 mg/kg).
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Treatme~ts That Induce Anestrus Increases FOS-Ii
1. High doses of 2DG (1750 mglkg) yes
Food Deprivation yes
MP+2DG (low doses) No
Treatments That Do Not Induce Anestrus Increases FOS-Ii
1. Vehicle Injection No
2. Food available ad-libitum No
Low doses of 2DG alone No
Low doses of MP alone No
Table 3. Effects of treatments that either induce or do not induce anestrus
Qn neural stimulation (as measured by FOS-like immunoreactivity (FOS-li)
in the area postrema and the nucleus of the solitary tract in Syrian
hamsters.
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